Abstract Gold nanoparticles (Au NPs) doped monolithic and transparent sodium borosilicate glass has been synthesized by both sol-gel and atmosphere control heat treatment methods. Fourier transform infrared (FTIR) spectra in the wavenumber range of 400 to 4000 cm −1 were applied to collect variation information of surface groups of the samples in the sintering process. The microstructure of Au NPs in the glass was characterized by means of X-ray powder diffraction (XRD), transmission electron microscopy (TEM), and high-resolution TEM (HRTEM). Meanwhile, the linear optical properties of the glass were analyzed by UV-vis spectrometer between the wavelength of 300 and 1000 nm, and a broad absorption band around 600 nm was observed. The third-order nonlinear optical properties of the glass were investigated by using Z-scan technique at the wavelength of 800 nm, pulse duration of 190 fs, and repetition rate of 20 Hz. The glass showed saturable absorption and self-focusing nonlinear refraction, and the optical nonlinear susceptibility χ (3) was estimated to be 1.7 × 10 −14 esu, with the single-pulse energy of 1 μJ.
Introduction
To meet the increasing demand of information, new optical and optoelectronic technologies are required, and the ultrafast all-optical switches are considered to play an important role in the next generation broadband optical networks [1] [2] [3] . The highly extensive focus and study on nanomaterials in all fields has maintained for decades [4, 5] . Nanomaterials with great third-order optical nonlinearities and fast response time are significant for future optical device applications [6] [7] [8] . Among these nanomaterials that have been studied in the field of nonlinear optics, the metal nanoparticle glasses are regarded as an important candidate of nonlinear optical material. In recent years, many researchers have attempted to introduce various metal nanoparticles into kinds of glasses [9] [10] [11] [12] [13] [14] [15] [16] . Au has attracted wide concern over the years, the research on Au can be traced back to the colloidal Au reported in the scientific literature by Faraday in 1857 [17] . As the most stable metal nanoparticles, gold nanoparticles (Au NPs) not only present fascinating aspects such as their assembly of multiple types involving material science, the behavior of the individual particles, size-related electronic, magnetic and unique optical properties but also their applications in nanotechnology, biology, and catalysis, as well as the excellent nonlinear properties and potential prospect in the nonlinear optical devices [12, [18] [19] [20] . Particularly, Au NP glasses [18, 21, 22] act as the most widely studied nonlinear material because of the unique plasmon resonance absorption, chemical inertness, and thermal stability. A. I. Ryasnyanskiy et al. [22] synthesized gold nanoparticles embedded in Al 2 O 3 , ZnO, and SiO 2 matrices by radiofrequency magnetron sputtering technique and investigated their third-order nonlinear optical properties by Z-scan method using a frequency-doubled Q-switched Nd
3+
:YAG laser (wavelength 532 nm, pulse duration 7 ns, repetition rate 10 Hz). The mechanisms responsible for the nonlinear response were discussed, and the temporal analysis results showed the prevailing influence of the electronic Kerr effect over the possible thermo-optical contribution. C. Torres-Torres et al. [23] studied the third-order optical nonlinear response of silica composite containing Au NPs and Si-QDs nucleated by ion implantation. The nanocomposites were explored as an integrated configuration containing two different ion-implanted distributions. The ultrafast electronic nonlinearity was associated to the optical Kerr effect for the time-resolved optical Kerr gate and Z-scan techniques (825 nm, 80 fs), while a thermal effect was identified as the main mechanism responsible for the nonlinear optical refraction induced by nanosecond pulses (532 nm, 1 ns). Abeer Salah et al. [24] synthesized Au and Au-CdSe nanoparticles (NPs) at different NP sizes and concentrations by organometallic pyrolysis method and they conducted OA Z-scan measurements by a Q-switched Nd-YAG laser (532 nm, 6 ns) as a function of excitation energy. The result showed that the location of SP energy and excitonic peak shifted from 538 to 613 nm as the NP size increased and saturation absorption was reversed by increasing power densities. S. Tamil Selvan et al. [25] reported the sol-gel-derived gold/silica glasses and test the third-order optical nonlinearities by a degenerate four-wave mixing (DFWM) technique (20 ns), the test showed that the gold/silica glasses exhibit large third-order nonlinear optical susceptibilities.
Among the various substrates, borosilicate glass demonstrates the unique superiority. To the best of our knowledge, borosilicate glass has low thermal expansion coefficient and high chemical durability, which render borosilicate glass good resistance to thermal shock and breaking [26, 27] . The stable physical and chemical properties make borosilicate glass widely used in modern laboratory equipment and optical devices. Since the first small pieces of transparent borosilicate glass prepared by sol-gel process by Dislich in 1971, many glass researchers tried to make bulk silica glasses and multi-component glasses by sol-gel method [28] . Prior to other preparation methods such as deposition [29] and melt quenching [30] , the borosilicate glass prepared by sol-gel approach possesses eminent advantages such as good transparency, low formation temperature, significant phase transition, and uniformity of the doping components [31] . Therefore, borosilicate glass is considered a competent base glass to load metal nanoparticles or quantum dots and potential candidate for optoelectronic devices [10] . What is more, the transition process from solution to gel then to sodium borosilicate glass has been studied systematically [32] [33] [34] [35] [36] [37] by the Fourier transform infrared (FTIR), nuclear magnetic resonance (NMR), hermogravimetry and differential thermal analysis (TG-DTA), and Brunauer-Emmett-Teller (BET) analysis, and the results show that the high temperature thermal saturation, appropriate atmosphere control and heat treatment together contribute greatly to the formation of doped nanoparticles or quantum dots, and the shrinkage of several nanometer porous structured stiff gel into well-densified glass material, with the glass transition temperature between 519 and 565°C.
About two decades ago, we synthesized 0.124 wt.% Au glass by sintering Au doped sodium borosilicate bulk gel [38] , but the characterization was limited by the low doping concentration and the test conditions at that time. With the help of modern advanced characterization methods and the keen interest in Au glass, combined with the present research situation of sodium borosilicate glass, we choose 600°C as the sintering temperature. Herein, we present a typical sol-gel synthesis of Au nanoparticles doped monolithic and transparent sodium borosilicate glass, and this study mainly focuses on the synthesis, microstructure, and optical properties of the Au NPs glass. The obtained glass was characterized by the FTIR, X-ray powder diffraction (XRD), transmission electron microscopy (TEM), high-resolution transmission electron microscopy (HRTEM), selected area electron diffraction (SAED), UV-vis, and Z-scan technology.
Experimental details Materials
Tetraethoxysilane ((Si(OC 2 H 5 ) 4 , TEOS, AR)), hydrochloric acid (HCl, AR), boric acid (H 3 BO 3 , AR), metallic sodium (Na, 99.7%), 2-methoxyethanol (C 3 H 8 O 2 , AR), chloroauric acid hydrated (HAuCl 4 · 4H 2 O, 99.99%), and anhydrous ethanol (C 2 H 5 OH, AR) were purchased from Aladdin Chemistry Co., Ltd, Shanghai, China. All chemicals were used directly without any further purification, except that the pH value of the hydrochloric acid was adjusted to about 2 by adding deionized water.
Synthesis procedure
The 5Na 2 O-20B 2 O 3 -75SiO 2 (in wt.%) containing glass doped with 0.25 wt.% Au NPs was fabricated by combining a typical sol-gel method and subsequent heat treatment process, and the procedure was as follows:
1. The formation of glass precursor solution. Firstly, TEOS was hydrolyzed at room temperature in anhydrous ethanol using HCl (pH = 2) as catalyst to form SiO 2 component. Secondly, the other two precursor solutions, H 3 BO 3 powder dissolved in C 3 H 8 O 2 and metallic Na dissolved in C 2 H 5 OH, were added into the well-hydrolyzed TEOS solution in sequence to form B 2 O 3 and Na 2 O components. After the above solution was continuously stirred for 1 h at room temperature, an ethanol solution of HAuCl 4 · 4H 2 O was added to form Au nanoparticles. All these chemicals were added according to the designed glass composition. At last, the mixed solution was decanted into plastic boxes and placed steadily at room temperature for later gelation.
2. The formation of stiff gel. After the above solution was placed for 1 week, wet gel was formed, as shown in Fig. 1a . Then, the wet gel in the boxes were dried in the vacuum oven at 80°C for about 3 weeks to form the stiff gel, shown in Fig. 1c . 3. The transition of stiff gel to glass. The stiff gel was heat treated in tube furnace by the program controlled heating process: Firstly, the stiff gel was heated in oxygen (O 2 ) atmosphere at the heating rate of 5°C h −1 from room temperature to 450°C
(the slow heating rate can effectively avoid crush and fragmentation of the stiff gel) and kept for 5 h at 450°C to remove the residual organic solvent and to decompose HAuCl 4 · 4H 2 O. Secondly, the stiff gel was exposed to high-purity hydrogen (H 2 , 99.99%) at 450°C for 5 h to form metallic Au. Finally, the loose and porous stiff gel was heated in nitrogen (N 2 ) atmosphere at a heating rate of 10°C h −1 from 450 to 600°C, and kept for 2 h at 600°C for densification. At last, the light brown and monolithic Na 2 O-B 2 O 3 -SiO 2 glass containing Au NPs was obtained. The glass sample was cut and polished as shown in Fig. 1d .
Characterization
The Bruke Equinox 55 FTIR spectrometer was used to obtain the Fourier transform infrared (FTIR) spectra, the xerogel samples were grounded with KBr power and were measured in the wavenumber range of 400 to 4000 cm −1 at room temperature. X-ray diffraction analysis of the polished transparent glass was applied on a Germany Bruker X-ray diffractometer (XRD, 40 kV, 20 mA) using Cu Ka radiation (λ = 0.15418 nm) at the scan rate of 0.02°s −1 in the 2θ range 15°t o 85°. Transmission electron microscopy (TEM) for imaging of morphology and direct determination of nanocrystal size of Au NPs, high-resolution TEM (HRTEM), and selected area electron diffraction (SAED) images for further analysis of the Au NPs were carried out on an FEI Tecnai F-20 transmission electron microscope operating at 200 kV. The sample for TEM was prepared by crushing the glass into powder with agate mortar and pestle, a drop of the ethanol powder suspension was placed onto the carbon-coated holey copper grid followed by drying at room temperature. The linear optical absorption and transmission of the glass sample in the wavelength range of 300-1000 nm was collected at room temperature by a Perkin Elmer Lambda 750 UV-vis spectrometer. The open aperture and closed aperture Z-scan tests of the glass were carried out at the wavelength of 800 nm, the repetition rate of 20 Hz, pulse width of 190 fs, and single-pulse energy of 1 μJ.
Results and discussion

FTIR studies
The FTIR spectra were collected to get the detailed structural groups information of samples obtained at different processing temperatures (100, 200, 300, 400, 500, and 600°C), as shown in Fig. 2 . The obvious variation of surface groups of the samples is reflected in the range of 3340 to 3670 cm ) of the sample treated at 100°C should be attributed to the -OH stretching vibration of free water [39] , and it is broadened and blue shifted to 3666 cm ) of the 100°C sample should be attributed to the -OH stretching vibration of the intermolecular association bond [40] , and it is broadened and red shifted to 3344 cm ) [43] in the samples, thus the stable glass network structure forms as the sintering temperature increases, accompanied with a series of chemical reactions such as dehydration, dealcoholization, and deetherization.
XRD studies
To explore whether Au nanocrystals had formed in the transparent glass, X-ray diffraction measurement was performed. The XRD pattern of the glass sample is presented in Fig. 3 . The broad bag-like amorphous diffraction peak in the range of 18°to 25°is caused by the base glass diffraction, which is the characteristic peak of sodium borosilicate glass substrate [34] . The sharp diffraction peak located at 2θ = 38.18°represents (111) crystal plane of the face-centered cubic-structured Au crystalline, and the four relatively small peaks located at 44.39°, 64.58°, 77.55°, and 81.72°can represent the (200), (220), (311), and (222) crystal planes of Au crystalline, respectively. The lattice constant calculated from the above is a = 2.36 Å, which is in accordance with the standard data from JCPDS Card No. 04-0784 (a = 2.3548 Å). No other peaks are detected in the XRD pattern, demonstrating that high purity of the Au nanocrystals have formed in the sodium borosilicate glass substrate.
The average size of Au nanoparticles is estimated by the following Scherrer formula [44] :
d represents the average particle size of Au nanocrystals, λ stands for X-ray wavelength, β for half peak width (FWHM), θ for Bragg diffraction angle, and K was approximately 0.9. We calculate the average particle size of Au nanocrystals in the glass to be 5.7 nm. To verify the XRD results and analysis, TEM was applied subsequently.
TEM studies
TEM, HRTEM, and SAED were applied to further study the morphology and microstructure of the glass sample. Figure 4a shows the TEM image of the sample, from which we can see that there are lots of black spherical dots dispersed in the gray glass substrate background. The particle size ranges from 2.82 to 9.97 nm, with an average size of 5.48 nm, which is in good agreement with the XRD calculation, as shown in Fig. 4b . Figure 4c shows the HRTEM image of the nanoparticles in the glass. The crystal plane spacing is measured to be 2.36 Å, close to the lattice parameter of Au cubic structure (PDF#04-0784, 2.355 Å for (111) plane). Figure 4d is the SAED image, in which the relatively obvious diffraction rings are assigned to Au (111) and (220) diffraction planes. These results are in good accordance with the XRD analysis. Both the XRD and TEM analyses confirm that cubic Au nanocrystals have formed in the sodium borosilicate glass matrix.
UV-vis studies
As an empirical judgment of whether the material is available to the Z-scan test or not, the linear absorption and transmission were tested between the wavelength of 300 and 1000 nm. Figure 4 displays the absorption and transmission spectra of the Au NPs doped glass. The broad absorption band around 600 nm was observed for the sample in Fig. 5 . As is known, size, concentration and spacing of particles, solvent dielectric constant, substrate matrix, and variations of initial chemical compositions [45, 46] influence the optical response of metal particles materials. The typical spectra of Au nanoparticles appear at 520 nm [20] , which originates from the surface plasma resonance absorption. The broad absorption band around 600 nm shows obvious red shift compared with the typical spectra, but still similar to the values reported for Au particles in the literature [20, 47] . The red shift of the broad surface plasma resonance absorption and the brown color could be the formation of larger nanoparticles coupling to surface plasmons in glass matrix and the superposition of multiple absorption peaks [20, [46] [47] [48] . The linear absorbance and transmittance values at the wavelength of 800 nm were tested to be 0.192 and 64.4%; the relatively small absorption could minimize the test errors in the Z-scan test.
Nonlinear optical properties studies
As a simple, highly sensitive, single-beam experimental technique for determining the sign and magnitude of the nonlinear refraction and nonlinear absorption [49] , the Z-scan technique is a popular method for testing optical nonlinearities. To determine the nonlinear absorption and refraction of the Au NPs doped sodium borosilicate glass sample, open aperture (OA) and closed aperture (CA) Z-scan measurements were carried out. Figure 6 displays open aperture (S = 1) and closed aperture (S = 0.05) Z-scan results with single-pulse energy of 1 μJ. Here, the black dots in the figure indicate the experimental data while the red solid line for theoretical fit of the normalized transmittance. The OA Z-scan curve of the glass sample in Fig. 6a is symmetric relative to the focus (Z = 0) where it had maximum transmittance of the glass, suggesting saturable absorption [35] will occur in the glass. The CA Z-scan model shown in Fig. 6b with pre-focal (Z < 0) minimum and the post-focal (Z > 0) maximum indicates a self-focusing process [10] and a positive sign of nonlinear refractive index (γ > 0). The nonlinear absorption coefficient (β) and nonlinear refractive index (γ) of the glass are fitted and calculated from the OA and CA Z-scan tests according to the Sheikbahae's well-known theory [50] . The nonlinear optical absorption data obtained under the condition in this study can be described by Eqs. (2) and (3) [51].
where α 0 and β are linear and effective third-order nonlinear optical absorption coefficients, τ is the response time, and L is the thickness of the sample. Light transmittance (T) and irradiation intensity (I) are two functions of the sample's Z position (with respect to the focal position at Z = 0). The nonlinear refraction Z-scan curve was obtained by dividing CA Z-scan data and corresponding OA Z-scan data. An effective third-order nonlinear optical refractive index γ can be derived by Eqs. (4) and (5) [52] .
Δφ 0 ¼ 2π
where the ΔT p−v is the difference between normalized transmittance values at peak and valley portions, taken from the CA Z-scan curve in Fig. 5b . I 0 is the pulse irradiation intensity at the focus, which is calculated by the single-pulse energy, and λ is the wavelength of the laser. The calculated β and γ values are applied to deduce the real and imaginary part of the third-order nonlinear susceptibility according to Eqs. (6) and (7) [53] .
where λ, ε 0 , c, and n 0 represent the wavelength of the laser light, permittivity of free space, speed of light, and linear refractive index of the glass, respectively. The absolute value of optical third-order nonlinear susceptibility χ (3) is given by Eq. (8) [54] .
All of the nonlinear parameters are listed in Table 1 . The third-order nonlinear absorption was saturable, and the third-order nonlinear susceptibility reached 1.7 × 10 −14 esu.
Conclusions
In conclusion, the monolithic and transparent Au NPs doped sodium borosilicate glass has been successfully synthesized by combining the typical sol-gel method and atmosphere control heat treatment process. The FTIR analysis revealed the variation of structural groups of samples obtained at different temperatures, clarifying the formation process of the stable glass network structure as the sintering temperature increases. The XRD and TEM analyses revealed the formation of face-centered cubic Au nanocrystals in the sodium borosilicate glass matrix, with particle size ranging from 2.82 to 9.97 nm and an average size of 5.48 nm. The molecular level introduction of Au precursor and effective control of heat treatment contribute greatly to the successful synthesis of Au nanoparticles doped glass. The UV-vis analysis showed a broad absorption band around 600 nm, showing obvious red shift compared with the typical spectra. In addition, the nonlinear optical properties of the obtained glass were determined at the near infrared wavelength of 800 nm using Z-scan technology, the results indicated that the Au NPs doped glass showed saturable absorption and nonlinear refractive index with self-focusing process with the single-pulse energy of 1 μJ. The nonlinear absorption coefficient β and the nonlinear refraction index γ were calculated to be −6.5 × 10 −14 m/w and 3.0 × 10 −20 m 2 /w, the third-order nonlinear susceptibility of the glass sample was estimated to be χ (3) = 1.7 × 10 −14 esu. As the estimated nonlinear optical properties are affected by many factors such as nanoparticle size and concentration, laser power, and repetition rate of lasers [22, 24] , this study paves the way for more detailed researches in the future. With further improvement, the glass may have potential application in nonlinear optics.
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